Dimensions of cognitive complexity in figural transformations were examined in the context of adult age differences. Sequential complexity was manipulated through figural transformations of single objects in a multiple-object array. Coordinative complexity was induced through spatial or nonspatial transformations of the entire array. Results confirmed the prediction that age-related slowing is larger in coordinative complexity than in sequential complexity conditions. The effect was stable across 8 sessions (Experiment 1), was obtained when age groups were equated in accuracy with criterion-referenced testing (Experiment 2), and was corroborated by age-differential probabilities of error types (Experiments 1 and 2). A model is proposed attributing age effects under coordinative complexity to 2 factors: (a) basic-level slowing and (b) time-consuming reiterations through the processing sequence due to age-related working memory failures.
In two experiments and using two different variants of a figural transformation task (i.e., rule verification and rule identification) we test the prediction that age effects in time demands are more pronounced in coordinative than in sequential complexity conditions. In Experiment 1 there is an added focus on the effect of the proposed complexity dimensions across practice. In Experiment 2 we investigate the generality of the theoretical distinction across processing domains and address the problem of age-differential performance characteristics (i.e., speed vs. accuracy) by using a novel assessment technique based on criterion-referenced testing. Finally, within both experiments we analyze the probability of different types of errors to validate the notion of coordinative demands and their relation to age effects.
Complexity and General Slowing
Before we present our main argument, it is useful to consider the way task complexity is treated in current developmental research. In particular in research on aging (e.g., Cerella, 1990; Salthouse, 1985) , but also in research on child development (Kail, 1991) , task complexity has often been operationalized simply in terms of the amount of time required by young adults to solve a task, that is, without any reference to the specific mental operations involved. Two critical assumptions for this approach are that (a) young and old adults (or young adults and children) do not differ in the kind and sequence of mental operations (i.e., the correspondence assumption), and (b) a general characteristic of the cognitive system (such as slowing of information processing speed) is responsible for age differences. If these assumptions are valid, the amount of time needed by old adults should be monotonically related to general complexity indexed by young adults' time demands. Support for this line of reasoning comes from meta-analytic summaries of agecomparative response-time data comprising a large variety of cognitive tasks. In these studies, means of old adults were plotted against those of young adults from corresponding 1297 task conditions (Brinley, 1965) . The relation between old and young adults is usually referred to as the slowing function. Linear functions accounted for at least 90% of the variance (e.g., Cerella, 1985 Cerella, , 1990 ; the slope of the function reflects the proportional factor with which old adults were slowed compared with young adults. Slightly better fits were provided by nonlinear functions suggesting that proportional age effects may increase somewhat with complexity (Cerella, 1990; Hale, Myerson, & Wagstaff, 1987) . The highly regular patterns usually found in the old-young plots suggest that information about particular task conditions was not necessary to account for the age effects, rather general task complexity seemed to be the only critical aspect (Salthouse, 1985) . The finding of a single complexity dimension has been interpreted as a general slowing of information processing speed that affects most nonlexical cognitive processing in a highly similar way (Cerella, 1985 (Cerella, ,1990 Lima, Hale, & Myerson, 1991; Myerson, Hale, Wagstaff, Poon, & Smith, 1990; Salthouse, 1985) . 1 The present research challenges the notion of a uniform pattern of age effects in nonlexical tasks caused by one general mechanism. We argue that at least two slowing functions can be identified, representing (a) age effects in sequential complexity conditions related to a basic slowing of processing speed and (b) additional age effects in coordinative complexity conditions related to working memory deficits.
Sequential and Coordinative Complexity
Central to the distinction between sequential and coordinative complexity is that task conditions differ in their demands on coordination of information exchange between processing steps. Sequential complexity refers to any task manipulation that leads to a variation in the number of independent processing steps but does not increase the amount of information exchange between single steps. In particular, no simultaneous storage and processing demands should be involved in these tasks so that working memory load is low. An example for such a task variation is an increase in the size of the search set within a visual scanning paradigm (e.g., Madden & Nebes, 1980; Schneider & Shiffrin, 1977) . A general decline in mental speed affecting each processing step in a similar way (e.g., Cerella, 1985; Salthouse, 1985) is proposed to be the main source of age differences in task variations on this dimension. The assumption of a uniform slowing of each processing step leads to the prediction of purely proportional age effects in sequential complexity conditions. In other words, absolute age effects increase with sequential complexity, but the old-young ratio remains invariant.
Coordinative complexity refers to the amount of coordinative processing required to regulate and monitor the flow of information between interrelated processing steps. Coordinative activities are constrained by the capacity to process and to retain information simultaneously in working memory and should be particularly pronounced when results from earlier processing steps are required later (e.g., Baddeley, 1986; Daneman & Carpenter, 1980; Salthouse & Mitchell, 1989) . Coordinative processing demands have been pro-posed as a central dimension for categorizing tasks in individual differences research (e.g., Snow, Kyllonen, & Marshalek, 1984) . Most psychometric tests of reasoning (e.g., Carpenter etal., 1990; Kyllonen &Christal, 1990) , and also complex spatial processing (e.g., Just & Carpenter, 1985; Lohman, 1988) , are assumed to put high demands on coordinative activities. Theoretically one could argue that processing speed should be a critical factor for working memory functioning: the slower the processing the higher might be the probability of losing information from intermediate storage. For one particular subsystem of working memory, the articulatory loop, such a relation was found (e.g., Baddeley, 1986) . However, there seem to be only small to moderate correlations between mental speed (measured through perceptual speed measures) and the coordinative components of working memory (e.g., Kyllonen & Christal, 1990; Snow et al., 1984) . Thus, at least in age-homogeneous samples, central aspects of working memory functioning and speed of processing seem to relate to different sources of interindividual variability.
The proposal that coordinative complexity constitutes an age-relevant task dimension rests on the assumption that aging is accompanied not only by a loss in speed but also by a decline in the efficiency of working memory processes. In particular, loss of critical information during task solution could incur costs in terms of additional processing, such as rechecking or reiterations through the algorithmic sequence required for task solution. Therefore, we expect proportional age effects in terms of time demands to be larger in coordinative complexity than in sequential complexity conditions. There is a bulk of evidence suggesting age-related decline in aspects of working memory functioning (for recent reviews see Light, 1991; Salthouse, 1990) . Old adults exhibit lower performance than young adults on almost every task that theoretically involves working memory, such as reasoning (Welford, 1958) , language production and comprehension (Kemper, 1987) , mental calculation (Charness & Campbell, 1988) , or mental rotation (Hertzog & Rypma, 1991) . Moreover, old adults seem to lose task-related information during processing with higher probability than do young adults (e.g., Arenberg & Robertson-Tchabo, 1985; Salthouse, 1990) . Also, in reasoning tasks, loss of information has been shown to lead to more redundant processing for old adults than for young adults (e.g., Arenberg, 1974) . We favor the hypothesis that such age effects are produced through deficits concerning the coordination of simultaneous storage and processing (e.g., Salthouse, 1990; Welford, 1958) . Note, however, that so far it has been difficult to attribute age effects in working memory tasks unambiguously to deficits in storage, processing, or the coordination of both (e.g., Gick, Craik, & Morris, 1988; Salthouse, Babcock, & Shaw, 1991; Salthouse & Mitchell, 1989) .
Do age effects in working memory functions represent deficits that are independent of age-related slowing? Psy-chometric research has shown that a large proportion of age effects in complex psychometric tasks (e.g., Hertzog, 1989) and in working memory tasks (e.g., Salthouse, 1991) can be explained by statistically controlling for speed of processing (using measures of perceptual speed). In most cases, however, a small but reliable amount of age-related variability remained after controlling for speed. The importance of these residual age effects and the factors producing them are unclear. What seems to be missing are experimental studies assessing time demands in task conditions that differ widely in terms of working memory demand. Such research would be necessary to evaluate the role of age differences in working memory from the perspective of recent general slowing models (e.g., Cerella, 1990; Myerson et al., 1990) .
The critical prediction of the model proposed in this study is a discontinuity in the size of proportional age effects between sequential and coordinative complexity. This assumption can be tested against the general, proportional slowing model by showing that old-young ratios are larger in coordinative complexity than in sequential complexity conditions (e.g., through a significant age-by-type-of-complexity interaction using log-transformed latencies; Kliegl & Mayr, 1992) . However, even when a simple proportional model can be rejected, it needs to be shown that other monotonic but nonlinear functions cannot account for the pattern of age effects in the old-young plot (Dunn & Kirsner, 1988) . This is important because some variants of the general slowing model suggest that the ratio between old and young adults' time demands increases in a nonlinear way with complexity (as indicated by young adults' time demands). For example, in their information loss model, Myerson et al. (1990) assumed that old adults take more time than young adults for every processing step because loss of information needs to be compensated. As compensation is incomplete, time demands increase in a nonlinear way with the number of processing steps. A two-parameter power function describes the relation between young and old adults' time demands predicted by the information loss model. A second nonlinear model is Cerella's (1990) overhead model. Here the critical assumption is that with every processing step an "organizational overhead" increases linearly for old but not for young adults. This model leads to a one-parameter quadratic function to account for old adults' time demands as a function of young adults' time demands. Each of these two nonlinear slowing models predicts that proportional age effects for complex tasks (probably most tasks involving working memory processes) are larger than those for simple information processing tasks. Thus, to distinguish nonlinear models from a model proposing two or more condition-specific functions, it is critical to include sequential and coordinative complexity conditions that are of similar "general complexity" in terms of young adults' latencies. Only then can proportional, complexity-specific age effects be interpreted in terms of a true dissociation.
Experiment 1
To test the general hypothesis about age-differential effects of sequential versus coordinative complexity, we designed a figural transformation task that comprised conditions varying on both dimensions. In the task, participants indicated whether a transformation rule described the difference between two arrays of geometrical objects. Two types of transformations occurred: (a) transformations affecting single objects (e.g., a change of an object's form) and (b) transformations affecting the spatial arrangement of the entire array (e.g., a 90° rotation). The two arrays were always identical except for the change described by the transformation rules; in "no" items one transformation was applied incorrectly.
Sequential complexity was manipulated by varying the number of object transformations. Items with zero, one, or two transformations could occur. In the sample item with two object transformations shown in Figure la, participants had to check whether the color of object 3 (3 F) and the shape of object 6 (6 G) differed between the two arrays. 2 (As can be seen, both transformation rules describe the differences between arrays correctly.) It is critical to the operationalization of sequential complexity that object transformations can be checked independently. Thus, no results of earlier steps are needed for further processing except knowing which transformations had already been checked. We expect that proportional age effects are not affected by the variation of the number of object transformations.
Coordinative complexity was implemented by adding a spatial transformation to each of the three sequential complexity conditions. This actually provided two contrasts of coordinative complexity: First, spatial transformations of complex stimuli per se can be assumed to require coordinative processes (e.g., Hertzog & Rypma, 1991; Just & Carpenter, 1985) . To verify a spatial transformation, objects defined by three features must be retained in working memory while their spatially transformed counterparts are identified in the right array. Loss of relevant information forces reiterations through the processing sequence (Just & Carpenter, 1985) . Old adults' particular problems here would be evident in larger proportional age effects in all spatial transformation conditions compared with conditions containing object transformations only. Second, the design contained conditions in which information from spatial and object transformations had to be integrated to arrive at a solution (for a related approach, see Yee, Hunt, & Pellegrino, 1991) . For example, in the item shown in Figure lb , the indicated rotation needs to be checked first. To do this one must consider that objects that were used to verify the spatial transformation could themselves be affected by object transformations (e.g., object 1 in Figure lb) . At the same time the nature of the spatial transformation is critical for verifying object transformations. For example, to verify the postulated change of the margin of object 6 (6 R), its new position after the rotation must be considered as well. (The sample item is a no item as object 6 has changed its form instead of its margin.) The need to consider spatial and object transformations simultaneously should produce a considerable bur-2 An instructed participant would know the meaning of the transformation symbols (F = Farbe: German for color; G = Gestalt: German for form) in the rectangle above the two arrays. Figure 1 . (a) Sample item with two object transformations (sequential complexity). Object 3 must change the color of its inside (3 F) and object 6 must change the form (6 G). Both transformations are applied correctly, (b) Sample item with one spatial and two object transformations (coordinative complexity). The right array must be rotated by 90° clockwise, object 1 must change the color of its inside (1 F) and object 6 must change the color of its margin (6 R). The last transformation was applied incorrectly (i.e., there was a change of form instead of the margin's color).
den in terms of coordinative processing that affects old adults' processing more than that of young adults. Thus, we expect proportional age effects in spatial-plus-object transformation conditions to be even larger than in the condition with a single spatial transformation. From the above account of processing in spatial-plusobject transformation conditions we can also derive more specific predictions concerning age effects in particular items: Coordinative demands should be particularly large whenever an object that is used to verify the spatial transformation is also affected by an object transformation. Participants were instructed to use objects 1 and 2 in the first line to check the spatial transformation. Therefore, a pronounced age effect in those items containing (a) a spatial transformation and (b) an object transformation of a line-1 object would validate the notion of age-related limitations due to coordinative demands.
As a further critical feature of this experiment, performance was assessed across eight practice sessions. In agecomparative research, there are strong methodological reasons for focusing on the range of functioning across levels of experience (i.e., instruction and practice) and levels of difficulty or complexity (e.g., Baltes & Kliegl, 1992; Kliegl, Smith, & Baltes, 1989) . The important question in the current context was whether complexity-specific age differences (i.e., sequential vs. coordinative) would be obtained even after eight sessions of practice. This amount of practice may not suffice to reveal ultimate limits of performance. However, it would substantiate the interpretation that complexityspecific effects are linked to definite age-related limitations in cognitive capacity rather than being a product of transient, capacity-extraneous performance factors or cohort effects.
To summarize, we proposed sequential and coordinative complexity as two general task dimensions with differential relevance for adult age effects. We expected that age differences in response latencies would be larger under coordinative than under sequential complexity conditions throughout practice. This general hypothesis was complemented by the more specific prediction that particular types of items in the spatial-plus-object transformation conditions (i.e., those with transformations of line-1 objects) would produce especially large coordinative demands.
Method Participants
Twenty old adults (M = 74.9 years, SD = 5.7) and 20 young university students (M = 23.2 years, SD = 2.0) participated in 14 to 16 experimental sessions. There were 15 women in each age group. Young participants responded to announcements posted at the campus of the Free University Berlin. Old adults were recruited by newspaper advertisement. On a 5-point scale, participants in both age groups reported being in good health, /(38) = .04, p > .5. Old adults reported less years of formal education than did young adults, ?(38) = 4.91, p < .01. On a short form of the Hamburg-Wechsler Intelligenztest fur Erwachsene (HAWIE) Vocabulary subtest (after Wechsler, 1955) , old adults scored marginally lower than young adults, /(38) = 1.97, p = .06. Age differences comparable to those typically reported for healthy subjects were obtained for the Digit Symbol Substitution (old: M = 45.3, SO = 9.8; young: M = 63.2, SD = 6.1), r(38) = 6.92, p < .01. All participants had normal or corrected-to-normal vision. Each participant was paid 20 deutsche mark (DM), about $13, per session.
Apparatus
Macintosh II computers were used for stimulus presentation and response collection. Stimuli were presented on a 13 in. (33.3 cm) color monitor (16-color mode) with white background. All responses were entered on the normal Macintosh keyboard using the right-arrow key for yes and the left-arrow key for no responses. Timing was in "tick" accuracy (1 tick = 16.6 ms).
General Task Characteristics
The figural transformation task required participants to verify the correspondence between symbolic transformation rules and transformations of figural objects (see Figures la and lb). In each item, participants were presented with (a) one or more symbols representing figural transformation rules and (b) two square arrays, side by side, containing eight geometric objects each. The task was to check as quickly as possible whether the symbolic rules described the difference between the two arrays of objects. Participants were to press the yes key in case of complete agreement between suggested and actual transformations; otherwise, they were to press the no key. In case of more than one symbolic rule per item, the answer yes was correct only when all of the rules displayed corresponded to a figural transformation. The probability that all applications of indicated rules were correct within one item was 50%. If the response to an item was incorrect or if the available response time had expired, a short error tone sounded. Between items there was an interval of 1 s during which the frames of the two blank arrays remained on the screen.
Stimuli and Transformations
The two square arrays measured 8 cm per side, and each object measured 1.5 cm per side. Locations of the objects within the array were defined by a 4 X 4 matrix within which the eight objects were always located on the two diagonals of the matrix. The symbolic transformation rules were presented in a rectangle above the two object arrays. Objects were defined by three dimensions: form (square or circle), color of object margin (red or black), and color of the object's inside (blue or yellow). This specification yielded eight (i.e., 2 3 ) different objects. The left array was identical throughout the experiment. The right array differed according to (or in violation of) the transformation rules. In addition, objects in the left array were numbered from 1 to 8 to facilitate identification of objects to be transformed.
Spatial transformations. Spatial transformations applied to the stimulus array as a whole. Three types of spatial transformations could occur: The array could be rotated (i.e., each object was moved 90° clockwise), reflected on the horizontal axis, or reflected on the vertical axis. The sample item in Figure lb contains a rotation. Spatial transformations were indicated by graphic symbols (i.e., arrows indicating the directions of the spatial transformation). In distractor items, the "faulty" transformation was either not performed at all or was replaced by one of the other two spatial transformations. Each of these three possibilities occurred with equal probability.
Object transformations. The second set of transformations referred to attribute changes of individual objects. Each object could change in form, color of the margin, and color of the inside. Object transformations were designated by the first letter of the relevant dimension (G for Gestalt [form], F for Farbe [color], R for Rahmen [margin] ) and by an additional number between 1 and 8 indicating the object of the left array to which the transformation referred. The corresponding objects in the right array were not numbered; participants had to determine them through their locations. When no spatial transformation was present, the object was at the same location in both arrays. Otherwise, the locations of corresponding objects were specified through the type of the spatial transformation. Three distractors for suggested object transformations occurred with equal probability: The indicated object was affected by one of the other two object transformations or no transformation at all. Each single-object transformation occurred equally often across items within a particular task condition.
Identity transformation. Within the experimental design there was one condition in which neither a spatial nor an object transformation was present. Here, the identity transformation had to be checked. It was symbolized by an " = " sign and, if correct, the two arrays were similar in terms of all features. As distractors, each of the three spatial transformations was used with equal probability. This particular condition is equivalent to a physical match between the two arrays.
Task conditions. The number of spatial transformations (spatial factor) and the number of object transformations (object factor) were varied to manipulate both sequential and coordinative com-plexity. Experimental conditions were constructed by combining orthogonally (a) zero or one spatial transformation per item and (b) zero, one, or two object transformations per item. This design led to the following six conditions (i.e., spatial-object): 0-0, 0-1, 0-2,1-0,1-1,1-2. Sequential complexity was expected to increase from zero to two object transformations in the absence of a spatial transformation; coordinative complexity was assumed to be low in these three conditions. Within sequential complexity conditions, the identity transformation (O-spatial-0-object) was to serve as the design-inherent baseline condition representing minimal processing requirements. Coordinative complexity was assumed to be high in items containing a single spatial transformation and even higher in items containing both spatial and object transformations. Baseline response-time task. As an additional indicator of baseline response speed, the figural transformation task was modified into a simple physical match task. Instead of eight objects per array, only one object was presented in the middle of each of the two arrays. The participants had to indicate as quickly as possible whether both arrays contained the same object. Across items, objects could vary on the three object dimensions. In distractor items, objects differed from each other in one of these attributes. The probability of a distractor was 50%. This task is easier than the design-inherent baseline condition because one instead of eight objects was displayed in the array. It was used in certain analyses instead of the design-inherent baseline condition (O-spatial-0-object), which did not suffice as a baseline condition at the beginning of practice.
Procedure
Participants were trained and tested in groups of 1 to 4 people. The entire experiment required 14 to 16 days (1 to 3 days per week) with each session lasting from 45 to 90 min.
Day 1. Participants were informed about the general aspects of the study and took the Vocabulary and the Digit Symbol Substitution tests. Then they were introduced to the figural transformation task by means of an instruction booklet that explained the transformations and showed sample items. Finally, they worked through the booklet under the guidance of a tutor.
Day 2: Baseline assessment and learning-to-criterion. After solving sample items in a second instruction booklet, baseline performance was assessed in the six conditions of the figural transformation task. In the second part of this session, a tutor-guided learning-to-criterion phase was started. The goal was to ascertain that each participant was able to perform all six conditions of the figural transformation task. Starting with the easiest condition (0spatial-O-object), blocks of 12 items were presented until, in two out of three blocks in a row, not more than one incorrect yes response and one incorrect no response occurred. This procedure was repeated for each of the other five conditions of the practice task in a roughly ascending order of complexity (spatial-object: 0-0, 0-1, 1-0, 1-1, 0-2, 1-2). Items were presented under the liberal time constraint of 60 s. After an incorrect response, the display remained on the screen and the tutor provided feedback. Also, the tutor instructed participants to work through items rule by rule and to use the two objects from the first line of the array to verify spatial transformations. When the criterion for the six complexity levels was not met during the 1st day, the instruction phase could be extended to a maximum of 2 more days. All participants met the criteria but old adults needed significantly more training blocks than young adults in all conditions except for the O-spatial-0-object condition, all ?s(36) > 2.4, p < .05. Age effects were particularly pronounced in conditions containing spatial transformations. Here old adults required up to three times more blocks of practice than young adults to reach the criterion.
Days 3, 4, 13, and 14. On these days performance in transfer tasks was assessed that are not of concern in this article. These contained highly complex transfer conditions that were included to test hypotheses about age differences in learning.
Days 5 to 12 (Practice Sessions 1 to 8). The experimental task was presented during eight practice sessions. In each session, participants answered six blocks of 12 items for each of the six experimental conditions (72 items per session and condition). Thus, across sessions, participants were exposed to 576 items per condition. Conditions were presented in the following sequence (spatial-object): 0-0, 0-1, 1-0, 1-1, 0-2, 1-2. This sequence led to more complex conditions being presented later in the session, but also avoided a complete confound between sequence of presentation and low versus high coordinative complexity. After a wrong response the items remained on the screen so that participants could check the error. At the end of each session, two blocks (24 items each) of the baseline response time task were administered.
Presentation times of items were regulated by an adaptive procedure that was implemented independently for each of the six experimental conditions. Presentation time per item was adjusted for each block according to the number of correct items in the preceding block of the same condition. If the criterion of not more than one incorrect yes item and one incorrect no item was met, presentation time was reduced in the following block. If accuracy remained below the criterion, presentation time was increased. Increases and reductions of presentation times occurred on a fixed scale in discrete steps (i.e., 10% downward and 11.1% upward, using 60 s as a starting point). In the first block of the first session, a presentation time of 60 s was used. In the following sessions, for the first block of each complexity level, the presentation time from the last corresponding condition of the preceding session was used as a starting time. Participants were informed about the adaptive assessment procedure and the criterion value. After each block, feedback about the number of correct items, mean response time for correct items, and the presentation time for the next block was provided. Participants were instructed to try to reduce the presentation time by working as quickly as possible while staying below the error criterion. 3
Results
Analysis of results focuses on (a) effects of the experimental complexity manipulations using raw latencies, (b) complexity-specific age differences as reflected in log latencies and errors, (c) the detail-level analysis of the effects of coordinative demands, and (d) an analysis of the relationship between old adults' and young adults' response times. Two old female participants who were considerably slower than the rest of their age group (in some conditions three to four standard deviations) were taken out of the sample to allow for conservative tests of age-specific predictions. Analyses based on the complete sample led to an increase in the reported age differences with respect to errors and response latencies but without substantial changes in the results reported later. Thus, all of the following analyses were based on 20 young and 18 old adults. The criterion for statistical significance was p < .05. 
General Task Effects: Raw Latencies from Sessions 1 and 8
As an initial step, general information about the complexity factors will be provided at the level of raw latencies. Old and young adults' response latencies from the six experimental conditions are presented in Figure 2 . Here and in all following analyses, response latencies will be based on correctly answered items only. A large variation in latency was produced by the two task factors, between 0.50 and nearly 10 s for old adults and between 0.30 and nearly 5 s for young adults. Data were analyzed using an Age (2) X Spatial (2) X Object (3) X Yes-No (2) X Session (2) analysis of variance (ANOVA) specifying the last four factors as repeated measures. Here and throughout, orthogonal contrasts were specified for the object factor. The first contrast, object (1), tested conditions with zero object transformations against conditions with one or two object transformations. The sec-ond contrast, object (2), tested conditions with one against conditions with two object transformations.
The main effects associated with the two experimental factors were highly significant, spatial: F(l, 36) = 159.81, MS e = 4.96; object (1): F(l, 36) = 326.40, MS e = 2.89; object (2): F(l, 36) = 259.36, MS e = 1.30. The slope of response latencies as a function of the number of object transformations was steeper for spatial than for no-spatial conditions (see Figure 2 ), Spatial X Object (1): F(l, 36) = 102.72, MS e = 1.18; Spatial X Object (2): F(l, 36) = 11.02, MS e = 0.75. This nonadditive effect of the two task factors indicates that time demands in the spatial-plus-object transformation conditions were larger than expected on the basis of an additive combination of constituent task components. This result is consistent with the expectation that additional processing requirements emerge when both spatial and object transformations need to be coordinated.
Except for the Spatial X Object (2) interaction, all of the aforementioned effects were qualified by a higher-order interaction with session, all Fs(l, 36) > 16.20. Also, the session main effect was highly significant, F(l, 36) = 151.92, MS e = 2.72. All task effects were attenuated through practice. In a separate analysis of raw latencies at the end of practice (i.e., Session 8), however, the task effects reported earlier were still highly significant.
The yes-no factor had additional moderating effects that could be traced to one major source. In items with at least two transformations, no responses required less time than yes responses, Object (2) X Yes-No: F(l, 36) = 147.2, MS e = .09; Object (1) X Spatial X Yes-No: F(l, 36) > 36.5, MS e = .09. This effect was consistent with the assumption of a self-terminating mode of processing, that is, processing stopped as soon as a wrong transformation was encountered (e.g., Mulholland, Pellegrino, & Glaser, 1980; Steinberg, 1977) .
Finally, with respect to age-differential effects, 16 of the 18 possible interactions with age were significant; except for the Age X Object (1) X Session and the Age X Spatial X Object (2) X Session effects, all Fs(l, 36) > 4.20. As can be seen in Figure 2 , old adults exhibited longer response times in every condition, and age differences increased with the complexity of the experimental conditions. The significant Age X Spatial and Age X Spatial X Object interactions could be interpreted in terms of the predicted age-specific processing constraint related to coordinative complexity. However, this pattern of Age X Condition interactions could also be consistent with the assumption of a proportional complexity effect due to general slowing. To demonstrate specific age-differential effects of sequential and coordinative complexity, methods of analysis are required that permit a delineation of general (presumably slowing-based) and condition-specific age effects (Cerella, 1991; Kliegl & Mayr, 1992; Salthouse, 1992) .
Age X Complexity Effects: Log Latencies and Errors
Data from Session 8 are of central interest for the evaluation of age-specific effects as these reflect age differences that resisted extensive practice. A prime question here is whether the current data can be accounted for by a single proportional age effect often attributed to general slowing: If in old age each processing step is slowed down by a certain proportion, the ratio between age groups should remain stable across levels of complexity even though age effects increase in absolute terms. One method for taking the proportional complexity effect as a baseline for specific effects is the analysis of log latencies (Cerella, 1990) . In logarithmic space, only Age X Condition effects that correspond to a change in the ratio between old and young adults will become significant. Thus, the hypothesis that age effects in coordinative complexity are larger than in sequential complexity conditions would be reflected in the Age X Spatial and the Age X Spatial X Object interactions. Consistent with predictions, the Age X Spatial interaction, F(l, 36) = 28.46, MS e = .09, was highly significant. As can be seen in Figure  3 , old adults were slowed to a larger degree in conditions containing a spatial transformation than in no-spatial conditions. Contrary to predictions, however, neither of the two contrasts for the Age X Spatial X Object interaction was significant, F(l, 36) < 1.30, p > .26. Figure 3 shows that slopes of log latencies across age groups and conditions were largely parallel. This pattern suggests (a) that age effects were particularly pronounced in all conditions containing spatial transformations and (b) that the relative costs of coordinating information from both spatial and object transformations were as high as when a single spatial transformation had to be performed-but not higher. 4
The effects just described were qualified by an Age X Spatial X Yes-No effect, F(l, 36) = 6.02, MS e = .01, and an Age X Spatial X Object (1) X Yes-No interaction, F(l, 36) = 4.39, MS e = .004. Old adults took disproportionately longer to terminate their processing (i.e., to respond no) in task conditions containing both object and spatial transformations.
To determine to what degree the theoretically important Age X Spatial interaction was affected by this aspect, the above analysis was repeated using yes items only. The effect was still highly significant, F(l, 36) = 21.8, MS e = .05.
To what degree did proportional age effects in the spatial and no-spatial conditions change with practice? To answer this question, the session factor (i.e., session 1 vs. session 8) was included in the ANOVA of log latencies. Significant interactions including age and session would indicate changes in the ratios between old and young adults' response times across sessions. The critical Age X Spatial effect was again highly significant, F(l, 36) = 15.02, MS e = .09; however, the Age X Session interaction was not, F(l, 36) = .01, MS e = .07. In addition, the Age X Session X Spatial interaction, F(l, 36) = 14.2, MS e = .02, and the Age X Session X Spatial X Object (1) interaction, F(l, 36) = 5.7, MS e = .03, were significant. Inspection of the data indicated that these effects were due to the fact that old adults needed a surprisingly large amount of time for the design-inherent baseline condition (O-spatial-0object) in Session 1 (see Figure 2 ). This baseline condition apparently did not function as intended at the beginning of practice. 5 Therefore, here and in the following analyses of data from the entire practice procedure, it will be either excluded or replaced by the simple response-time measure that was administered in each practice session. When dropping the O-spatial-0-object condition from the analysis so that the remaining two no-spatial conditions were contrasted with the three spatial conditions, the only significant age-specific effect was the Age X Spatial interaction, F(l, 36) = 29.2, MS e = .07; the Age X Session X Spatial interaction was only marginally significant, F(\, 36) = 3.9, MS e = .01, p = .06. The same pattern emerged when using the simple baseline response-time measure instead of the O-spatial-0-object condition: The Age X Spatial interaction was the only age-relevant significant effect, F(l, 36) = 24.9, MS e = .09, and again the Age X Session X Spatial interaction was only marginally significant, F(l, 36) = 3.9, MS? = 01, p = .06. The marginal Age X Session X Spatial interactions in these two alternative analyses indicate that, if anything, ratios between old and young adults increased between Session 1 (old-young ratio = 2.10) and Session 8 (old-young ratio = 2.28) in spatial conditions, and decreased somewhat for no-spatial conditions (oldyoung ratio [Session 1] = 1.59; old-young ratio [Session 8] = 1.50). In summary, with the exception of the O-spatial-0-object baseline condition, the above results suggest that the dominant age-differential effect was only marginally affected by practice.
The main focus of the experimental conditions was on response latencies. Errors had to be considered, however, to examine whether age-differential speed-accuracy tradeoffs limit interpretability of latencies. Table 1 contains errors for all conditions in Session 8. 6 In an Age (2) X Spatial (2) X Object (3) ANOVA of errors an Age X Spatial, F(l, 36) = 20.83, MS e = 7.22, and an Age X Spatial X Object (1) interaction, F(l, 36) = 8.14, MS e = 7.09, were obtained. According to post hoc t tests, old adults exhibited higher error probabilities than young adults in the two spatialplus-object transformation conditions only (see Table 1 ). Thus, different from the analysis of log latencies, there were distinct age-related costs of coordinating object and spatial transformations in terms of accuracy. This finding could account for the failure of obtaining the predicted, particularly large age effects in log latencies in these conditions (i.e., larger than in the condition with a single spatial condition). Also, the overall error probabilities were rather high. This was in part due to time-out errors incurred by the criterion-referenced assessment procedure regulating presentation times. 7 5 One reason for old adults' particularly long response times could be that the distractors for the physical match of the entire array consisted of spatially transformed arrays. As the results reported so far indicated, old adults had particular problems with spatial transformations and thus possibly also with quick decisions between physically identical and spatially transformed arrays. As this effect was restricted to the beginning of practice, it probably reflects less a stable deficiency than it does a temporal, capacityextraneous phenomenon. 6 Error probabilities in Session 1 showed a very similar pattern as in Session 8 except for a small overall reduction of errors across practice, which was similar for both age groups. 7 A further differentiation of false responses and time-out errors showed that the negative age effects in the two spatial-plus-object transformation conditions were due to false responses (1-spatial-1-object: mean error percentage of old adults = 23.2%, M ymlng = 12.6%, t[36] = 4.83, p < .01; l-spatial-2-object: M iM = 19.2%. Myoung = 10.4%, f[36] = 4.09, p < .01) and not due to the fact that old adults suffered more from the time constraints imposed by the adaptive procedure that would be reflected by age effects in timeout errors (1-spatial-1-object: M old = 3.3%, M young = 5.4%, f[36] = 1.77, p = .09; l-spatial-2-object: M nld = 4.9%, M V(lllni! = 6.2%, f[36] = 1.01, p > .3).
Joint consideration of the analysis of latencies and errors suggests a twofold age-related effect of the sequentialcoordinative complexity manipulation: (a) a uniform increase of proportional age effects in response latencies for all three conditions containing spatial transformations, and (b) an additional age effect in errors for the two spatialplus-object transformation conditions.
Detailed Analysis of Latencies and Errors
In spatial-plus-object transformation conditions, coordinative demands should be largest when objects used to verify the spatial transformation are affected by an object transformation. In these cases, changes due to the object transformation need to be considered to verify the spatial transformation. Participants were instructed to use the two objects in the first line of the array to check the spatial transformation. Therefore, if one of these objects was affected by an object transformation, age effects in latencies and errors should be larger than when objects of the other three lines were transformed. Log latencies of correct responses and errors from the four conditions with either one or two object transformations were submitted to an Age (2) X Object (2) X Spatial (2) X Line (2) ANOVA. The prediction of particularly large age effects in spatial items with line-1 object transformations would be reflected in an Age X Spatial X Line interaction. For log latencies, the critical effect was not obtained, F(l, 36) = .19, MS e = .01. However, the interaction was highly significant for errors, F(\, 36) = 13.10, MS e = .01, and is shown in Figure  4 . In no-spatial (sequential) conditions, old and young adults exhibited a similar increase in error rate as a function of object position; in spatial conditions, the general error level of old adults was higher than that of young adults. Moreover, old adults' error probabilities were higher for transformed objects in the first line compared with transformed objects in the three other lines, ?(17) = 3.79, p < .01; this was not the case for young adults, t(\9) = -1.09, p = .29. Thus, the error analysis confirmed the hypothesis that transformations of line-1 objects in the coordinative complexity conditions produce particularly large age effects.
Cognitive Slowing
In models of cognitive slowing, an attempt has been made to subsume age differences across a wide range of complexity under one single aging process. Age differences are assumed to increase in a continuous but nonlinear manner with task complexity (Cerella, 1990; Myerson et al., 1990) . In contrast, the present research proposes a discontinuity with respect to age differences between task conditions that are low and high in coordinative complexity. The analysis of log-transformed latencies tested condition-specific age differences against effects of proportional slowing, but not against nonlinear (i.e., disproportional) slowing. As described in the introduction, the information loss model (Myerson et al., 1990 ) and the overhead model (Cerella, 1990) explicitly predict that oldyoung ratios increase continuously as a function of corn- plexity. A straightforward evaluation of whether the current results are produced by more than one discontinuous slowing process or by a nonlinear, continuous process can be obtained by plotting old adults' latencies as a function of young adults' latencies (Brinley, 1965) . If age effects across all task conditions are the product of a continuous process, the old-young relation should be described best by a two-parameter power function (Myerson et al., 1990) or a one-parameter quadratic function (Cerella, 1990) . If, however, in conditions of coordinative complexity an additional processing limitation comes into play, at least two slowing functions-linear or nonlinear-should be obtained. Figure 5 shows the results of plotting old adults' mean latencies of the six task conditions from each of the eight practice sessions (total: 48 data points) against young adults' latencies. As already shown in the ANOVA of latencies, old adults exhibited larger proportional slowing in no items from spatial conditions. Therefore, only latencies for yes items were used here to yield a conservative estimate of cognitive slowing. (The pattern of results changes only in a minor way when no items are added.) The external response time task was used instead of the 0-spatial-O-object transformation condition, which did not qualify as a design-inherent baseline condition (see footnote 5).
Obviously, data points fell along two linear functions. The one with the shallow slope represents conditions without spatial transformations. Conditions containing spatial transformations fell on the function with the steeper slope. Within each of these two domains, the 24 data points stemming from eight practice sessions and the three-level variation of the object factor fell on one function. Thus, aside from the no-spatial-spatial contrast, proportional age effects were invariant both across variations of the number of object transformations and practice sessions. This pattern is in agreement with the analysis of log-transformed latencies, where the Age X Spatial interaction was the only major effect.
The above observations were confirmed with a regression analysis in which the condition-specific hypotheses about age differences in coordinative complexity (spatial) Latency Young (s) Figure 5 . Old-young plot: Old adults' response latencies versus young adults' response latencies from all task conditions and all practice sessions separately for no-spatial (sequential complexity) and spatial (coordinative complexity) conditions. Data are fitted by the bilinear proportional model (see Table 2 ).
conditions were tested against the linear model. 8 As shown in Table 2 , the bilinear model including general task complexity (indexed by young adults' latencies), the nospatial-spatial contrast, and their interaction as predictors of old adults' latencies explained 99.0% of the variance, that is, significantly more than the linear model with young adults' latencies as the sole predictor (95.2%), or the model containing young adults' latencies plus the nospatial-spatial main effect (98.1%; not shown in Table 2 ). For the bilinear model neither the intercept, t(44) = .3, p > .4, nor the coefficient for the spatial factor were significant, ?(44) = .8, p > .1. Thus, the data can be represented using a bilinear proportional model in which both the slope for the no-spatial and the slope for the spatial conditions pass through the origin of the coordinate system (see Table 2 ). This model was used to fit the data in Figure 5 . With only two parameters it demands minimal information about task conditions, produces a substantive increment in explained variance over the proportional model, and with an R 2 of .989, leaves very little remaining variability to be explained (see Table 2 ). In no-spatial conditions the slowing factor was 1.59. As the spatial factor was dummy coded (no-spatial: 0, spatial: 1), the slowing factor for the spatial condition can be derived by adding the two coefficients for L Y (1.59) and L Y X S (.54), which is 2.13.
Does the bilinear proportional model fare better than the alternative nonlinear models? As shown in Table 2 , the power function (i.e., the information loss model; Myerson et al, 1990 ) and the quadratic function (i.e., the overhead model; Cerella, 1990 ) do worse than the bilinear proportional model. As the nonlinear models and the bilinear proportional model are not nested within each other, direct comparisons are not possible. However, it can be tested whether parameters coding the complexity-specific effects (i.e., S and L Y X S) are significant when included in the equations of the nonlinear functions as additive terms. As shown in Table 2 , for both the power function and the quadratic function at least one of the two task parameters was significant. Note also that the extended power function (including S and L Y X S) empirically reduced to a bilinear model as the power coefficient was not significantly different from one. Obviously, the two nonlinear models did not capture the particular characteristic of the present pattern of complexity-specific age effects. Therefore, these results validate the prediction of a dissociation between sequential and coordinative complexity represented by the bilinear proportional model.
Discussion
In this experiment we tested the hypothesis that two dimensions of complexity can be distinguished as sources of an important class of interindividual differences. The first dimension denotes manipulations of the number of processing steps that do not require coordinative processing; it was implemented through simple transformations of single geometrical objects. The second dimension refers to manipulations that not only increase the number of processing steps but also require coordinative processing in working memory. This aspect was operationalized through spatial transformations of a complex figural pattern. In line with the general expectation, adult age effects in figural transformations were shown to be a joint function of sequential and coordinative complexity. Throughout practice, old adults' performance in coordinative complexity conditions was particularly slow and in general also more error-prone than that of young adults. Analysis of log-transformed latencies and old-young functions indicated that age differences in response times could be represented by two proportional slowing factors. The first factor was found in sequential complexity conditions and had a value of about 1.6, which is similar to the amount of slowing typically reported in the literature (e.g., Cerella, 1985; Salthouse, 1985) . The second slowing factor was obtained in coordinative complexity conditions (i.e., conditions including a spatial transformation), with a value of about 2.1. The general notion of age-specific limitations through coordinative demands was further substantiated by the detail-level analysis of error patterns. The coordinative burden was found to be particularly pronounced in those items in which object transformations affected objects that were used to check the spatial transformation.
Contrary to predictions there was no further increase of proportional age effects when both spatial and object transformations had to be coordinated. This implies that agedifferential costs of coordination were involved in these complex conditions, but in terms of response latencies they were not larger than those observed when single spatial transformations had to be checked. The critical Age X Spatial X Object interaction, however, was obtained with respect to accuracy. On the one hand, this latter finding indicates that, in this experiment, we did not succeed completely in characterizing performance across the whole range of complexity with a single measure (i.e., response latency). On the other hand, it qualifies the failure of obtaining the critical Age X Spatial X Object interaction in terms of latencies.
Despite the clear outcome of this study with respect to the proposed distinction between complexity dimensions, there were some critical limitations. One is related to the fact that the present design contained a confound between type of processing (no-spatial vs. spatial) and complexity (sequential vs. coordinative). This confound could be problematic as spatial transformations produced the main agespecific effects. Contrary to expectations, the spatial-plusobject conditions did not lead to distinct additional processing constraints in old adults, at least not for logtransformed response latencies. Some researchers have suggested that mental transformations in the two-or threedimensional space constitute a unique domain of analog processing governed by mechanisms differing from those underlying discrete, propositional processing (e.g., Shepard & Metzler, 1971) . Moreover, neuropsychological evidence points to neurological subsystems involved in mental imagery and spatial processing (e.g., Farah, Gazzaniga, Holtzman, & Kosslyn, 1985) . Thus, one could argue that spatial processing subsystems may be subject to a more pronounced age-related decline than other abilities. This would be an interesting finding in itself because, to our knowledge, there is little evidence for particularly large age effects in spatial processing. For example, in the metaanalytic research on cognitive slowing in nonlexical tasks (Hale et al., 1987) , spatial tasks fell on the same oldyoung function as nonspatial tasks (but see the General Discussion of the present article). The dissociation between sequential and coordinative complexity, however, was proposed to capture general aspects of complex cognition not tied to particular domains of processing. Although there is a large body of research highlighting the coordinative aspects and working memory demands involved in complex spatial processing (e.g., Hertzog & Rypma, 1991; Just & Carpenter, 1985; Lohman, 1988) , the ambiguity between a domain-specific and a complexity-based interpretation of the present pattern of results cannot be resolved in this experiment.
Another limitation refers to the fact that old adults not only were slower than young adults but also made substantially more errors in some of the coordinative complexity conditions. Thus, old and young adults worked on different points of the speed-accuracy curve (e.g., Wickelgren, 1977) , complicating the estimation of age differences. A precise estimate would be desirable, for example, to identify the shape of the slowing function (Cerella, 1990; Myerson et al., 1990) . Also, from the present data it is not clear whether old adults' higher error probability can be attributed to a performance factor (e.g., a more lenient response criterion) or a fundamental processing limitation. A second study was conducted to replicate the central outcome of Experiment 1 and to address some of the interpretational difficulties.
Experiment 2
The main goal of the second experiment was a test of the generality of the dissociation between sequential and coordinative complexity. To this end, coordinative complexity was implemented in two alternative ways: using a spatial transformation in one task condition and a nonspatial transformation in the other. Thus, the confound between processing domain and complexity dimension present in Experiment 1 was avoided here. Furthermore, an attempt was made to minimize age effects in accuracy and to map performance across a large complexity spectrum onto a single measure, namely time demands.
A rule-identification version of the figural transformation task was used in this experiment. The main reasons for changing the format were to arrive at (a) a task better suited to the particular assessment procedure used in this experiment and (b) a "purified" version that reduces the degrees of freedom for different strategies. The basic task condition required participants to compare two four-object arrays that were identical except for a transformation affecting one of the objects (see Figure 6a ). Four transformations could occur (i.e., shape, size, shading of inside, or shading of margin); the correct transformation had to be indicated by pressing one of four keys. No coordination between processing components is required here, but rather a serial search of objects until the difference has been detected (which in the sample item is the inside shading). This condition represents a low sequential complexity baseline for three other conditions differing either in sequential or coordinative complexity. High sequential but low coordinative complexity was realized in a condition in which eight objects had to be checked (see Figure 6b ). This task is more complex than the four-object condition in terms of the number of comparisons required. It does not, however, involve more coordinative processing.
Coordinative complexity was manipulated in two ways. For the first coordinative complexity condition a spatial transformation of the entire array was added to the basic condition with four objects (see Figure 6c ). To identify the one transformation affecting a single object, the spatial transformation affecting the entire array (which could either be a clockwise or a counterclockwise rotation) had to be considered.
In the second coordinative complexity condition, a global transformation of all objects within the array in one of the relevant features (shape, size, shading of inside, or shading of the margin) occurred in addition to the transformation affecting only one of the objects (see Figure 6d ). The global transformation affecting all objects first had to be determined and then considered while searching for the single-object transformation. Thus, both the spatial and the global transformation added coordinative burden to the task without changing the general task format. The global transformation, however, clearly does not require spatial processing. 
Criterion-Referenced Determination of Presentation Times
This experiment had an additional important feature. An assessment procedure was used in which presentation times required for solving the items of the four conditions were adaptively determined in a criterion-referenced way (see also Thompson & Kliegl, 1991) . Specifically, the presentation time (not response latencies) needed to perform correctly on 6 (50%), 9 (75%), and 12 (100%) items out of blocks of 12 items, respectively, was estimated for each individual subject across multiple sessions. Note that chance rate was 25%, given that there were four possible responses. This assessment procedure has three advantages over traditional response time procedures. First, the adaptive process regulating presentation times allows the assessment of central processing time demands without the contribution of a motoric response component. The critical dependent variable is the presentation time needed for an a priori specified accuracy criterion. Participants respond which of the four transformations affected one of the objects after an item was presented. The motoric component very often-as in this study-is not of much interest, but it is responsible for a large component in traditionally measured response latencies.
Second, the procedure avoids the problems created through differences in accuracy as a function of condition or age. Usually, with increasing complexity, accuracy decreases (see, e.g., Experiment 1) and, as a consequence, the validity of latency scores becomes questionable. With the present procedure both age groups are forced to the same accuracy levels. Thus, effects of task complexity and interindividual variance should be captured almost exclusively in the adaptively determined presentation times.
Finally, manipulation of accuracy criteria is in itself a variation of complexity or difficulty on a task-independent metric (see Myerson et al., 1990) . Specifically, the 100% accuracy condition should be particularly demanding. Under coordinative complexity, old adults may exhibit considerable problems with achieving 100% accuracy and, as a consequence, may be pushed to very long presentation times.
To summarize, in this research two coordinative complexity conditions were contrasted with two sequential complexity conditions. In each condition presentation times were determined adaptively for three different accuracy criteria. The central prediction was that proportional age effects are similar for (a) the two sequential complexity conditions and (b) the two coordinative complexity conditions; however, the effects should be larger for the latter than for the former.
Method Participants
Sixteen young (M = 24.2 years, SD = 2.4) and 16 old adults (M = 72.0 years, SD = 3.7) were recruited through a newspaper advertisement. On a 5-point scale participants in both age groups reported to be in good health, f(30) = 1.50, p > .1. Also, the two age groups did not differ significantly in years of formal education, t(30) = .60, p > .5, and on a short form of the HAWIE Vocabulary test (Wechsler, 1955) 
Apparatus
Macintosh II computers were used for stimulus presentation and response collection. Stimuli were presented on a 13 in. (33.3 cm) monitor (black-and-white mode). All responses were entered on the extended Macintosh keyboard. Timing was in tick accuracy (1 tick = 16.6 ms).
Tasks and Stimuli
In all conditions of the figural transformation task participants were shown two square arrays (side length = 8 cm) containing four or eight objects. Objects were defined by four binary-value features: size, form (circle and square), shading of the inside (light and dark), and shading of the margin (light and dark). Besides the transformations to be described in the next paragraphs, the two arrays were identical. Object positions were defined by a 4 X 4 matrix. Within this matrix objects could appear in 12 different arrangements with either zero or two objects per line and column. All object arrangements preserved the same overall gestalt when the array was rotated by 90°, clockwise or counterclockwise. Across items, objects varied randomly in the four features with the constraint that each feature value had to be present at least once per array and that within an array, any two objects had to differ in at least one feature.
Sequential complexity: four objects. In this condition (see Figure 6a ), participants had to identify a single transformation affecting one of the four objects in one of the object-defining features. Participants had to indicate the changed feature (and not the object). Across items each object position was affected equally often by each transformation. Responses were entered on four keys of the numerical key pad (4, 5, 6, and "-") Sequential complexity: eight objects. This condition (see Figure 6b ) was analogous to the four-object condition except that the arrays contained eight objects. Objects could appear in 12 different arrangements with either zero, two, or four objects per line and column.
Coordinative complexity: spatial. In this condition (see Figure 6c) , the arrays contained four objects, and the right array was rotated with equal probability either 90° clockwise or counterclockwise. Again, only the transformation affecting a single object had to be identified. Solving an item, however, required the participant to detect the type of rotation and keep it in mind while searching for the change in one of the objects.
Coordinative complexity: global. In this condition (see Figure 6d) , the arrays contained four objects and, again, the transformation affecting a single object had to be identified. In addition, all four objects had changed their value in one of the defining features. The global and the single-object transformation were never identical. In the example (Figure 6d ), all objects changed their inside color and, in addition, one object changed its size. Thus, participants had to identify the global change and take it into consideration when searching the array for the single-object transformation.
Procedure
Participants were tested in groups of 1 to 6 people at a time. The whole experiment comprised 12 sessions. At the beginning of the first session, subjects received a short questionnaire as well as the vocabulary test and the Digit Symbol Substitution. The rest of the experiment was partitioned into four, structurally identical, three-session segments, one for each of the four experimental conditions. In the first session of each segment, participants performed two warm-up blocks of 12 items each with a self-paced response mode. They were instructed to search arrays line by line (starting in the upper left) and to use the objects in the first line to infer the spatial or the global transformation when present. Then they were exposed to 20 practice blocks of 12 items each with an adaptive criterion-referenced assessment procedure regulating presentation time per item. Within a block the same amount of presentation time was available per item. After the presentation time had elapsed, the item was covered with a random-dot mask. Only then could participants enter their response. Participants were instructed to strive for maximal accuracy. If fewer than 9 (75%) items of a block were correct, presentation time was increased for the successive block; if accuracy was above the criterion, presentation time was decreased. Increases and decreases of presentation times occurred on a scale of fixed steps (17.7% downward and 20% upward) . During the 20-block practice procedure, presentation time was adjusted taking two steps at a time. Starting times in the first block were the same for both age groups but differed across task conditions (four objects: 5.2 s, eight objects: 8.9 s, spatial: 10.7 s, global: 22.2 s). The 20-block practice session served two purposes. First, the adaptive process had a chance to move into the adequate measurement region for each subject (i.e., those presentation times where the probability of reaching the criterion was close to .50). Second, participants received extensive experience with the task. In the second and third sessions within each segment the actual adaptive testing took place. For each of the two sessions, independent adaptive sequences were administered for three accuracy criteria: 9 (75%), 6 (50%), and 12 (100%) correct items per block. Each sequence comprised eight 12-item blocks. Presentation time was adjusted using 17.7% steps downward and 20% steps upward. In Session 2 of each segment, the starting time for the 75% condition was taken from the last block of the previous session. For the 50% criterion the starting time was three 17.7% steps below, and for the 100% criterion it was three 20% steps above the starting time of the 75% condition. In Session 3, the adaptive sequences from Session 2 were simply continued for each of the three criteria.
The same procedure was used for each of the four task conditions. Half of the participants in each age group started with the adaptive assessment of the four-object condition and then went on to the eight-object condition; for the other half the reverse sequence was used. For all participants the spatial condition was presented in the third segment and the global condition in the fourth.
Results
Results are presented in four parts. First, we document the process of criterion-referenced assessment. Second, complexity-and criterion-specific age differences are analyzed with log-transformed criterion-referenced presentation times based on the third session of each condition segment. Third, results of a detail-level analysis of errors are reported. Finally, presentation times are examined from the perspective of cognitive slowing using old-young functions.
Adaptive Testing
The first section focuses on the adaptive process regulating presentation times. The central question was whether age groups could be equated in terms of accuracy. Figure 7 shows presentation times for each age group, condition, and criterion across the practice and the two test sessions. Age groups began with a common initial presentation time for a criterion of 75%. Presentation times stabilized in the course of the 20 blocks of practice during Session 1. Overall, young adults needed less presentation time per item than old adults to achieve an accuracy of 9 of 12 items. Taking the average across the last eight blocks, there were no significant age differences in accuracy in any of the four conditions, all ?s(30) < 1.2, p > .2.
In the second session, the 50% and the 100% accuracy criteria were added. As described in the Method section, individual starting times were based on presentation times in the last block of Session 1. Although this procedure worked rather well in the standard condition and in the condition with eight objects, starting times for the spatial and the global conditions were not optimal. Specifically, old adults needed the first half of the second session until presentation times stabilized for the 100% criterion in these two conditions. Table 3 summarizes old and young adults' mean accuracies for each test session and each experimental condition. In Session 2 there were small but significant differences favoring young adults in the 50% four-object, the 100% spatial, and the 100% global conditions. In the third session, presentation times were stable for all conditions and criteria, and accuracies were similar for both age groups except for the 50% spatial condition. Therefore, to minimize the effect of age differences in accuracy, all subsequent analyses are based on this last session only. Inclusion of the data from both Sessions 2 and 3 would not change the pattern of results.
Presentation Times as a Function of Sequential and Coordinative Complexity
Figure 8 displays old and young adults' adaptively determined presentation times averaged for each individual across the eight blocks in the third session as a function of experimental condition and accuracy criterion. In addition, predictions for old adults' time demands are included that were based on a model assuming that a single proportional factor accounts for age effects across all conditions. These predictions were computed by multiplying young adults' times in each condition with the old-young ratio obtained in the most simple condition, that is, the 50% condition with four objects (old-young ratio = 1.95). As the figure shows, age effects were close to the predicted values in all sequential complexity conditions (i.e., all predicted values were within the 95% confidence interval of the observed values). However, age effects were substantially larger than predicted in all coordinative complexity conditions (i.e., predicted values were always outside the 95% confidence interval of the observed values). Also, absolute age effects increased as a function of criterion level.
Statistical tests of these observations were provided by subjecting log-transformed, adaptively assessed presentation times to an Age (2) X Condition (4) X Criterion (3) ANOVA with repeated measures for the last two factors. The rationale for log-transformation was the same as in Experiment 1: it is the appropriate technique to use when the question is whether proportional age effects differ across conditions (e.g., Cerella, 1990 , Kliegl & Mayr, 1992 . According to the predictions concerning proportional age effects within and across complexity dimensions, three orthogonal contrasts were specified for the condition factor. The first contrast tested the two sequential against the two coordinative complexity conditions; the second contrast tested the four-object against the eight-object condition; and the third contrast tested the spatial against the global condition. The alpha level was set to p = .05.
Main effects for all factors and contrasts, F( 1,28) > 131.8, and the critical interaction between age and the sequentialcoordinative contrast were highly significant, F(l, 28) = 44.4, MS e = .02. The Age X Four Objects/Eight Objects interaction, F(l, 28) = 1.01, MS e = .01, and the Age X Spatial/Global interaction, F(l, 28) = .21, MS e = .02, were not significant. Thus, as predicted, proportional age effects were similar for the four-object and the eight-object conditions, they were larger for the two coordinative complexity than for the two sequential complexity conditions, and they were similar again for the spatial and the global coordinative complexity conditions. This pattern of pronounced age effects across the two coordinative complexity conditions does not necessarily imply that they captured the same age-related variance. To address this issue, two hierarchical regression analyses were conducted. In the first step, log presentation times in the spatial and the global condition (averaged across the three accuracy criteria), respectively, were regressed on the log presentation times under sequential complexity (averaged across four and eight objects and the three accuracy criteria). This accounted for 79.3% of the variance in the spatial condition, F(l, 30) = 115.15, and 82.3% in the global condition, F(l, 30) = 139.27. In the next step, age was added as a dichotomous variable. It explained additional, highly reliable 6.2% variance for the spatial condition, F(2, 29) = 12.6, and 6.1% for the global condition, F(2, 29) = 15.05. After removing age again, the global condition was entered as a second predictor for time demands in the spatial condition, and vice versa. The global condition explained additional highly reliable 5.7% variance in the spatial condition, F(2, 29) = 10.94, leaving a marginally significant amount of 1.9% age-related variance, F(3, 28) = 4.00; the spatial condition explained highly reliable 4.9% variance in the global condition, F(2, 29) = 10.95, leaving a small but significant amount of 2.2% age-related variance, F(3, 28) = 5.87. Thus, a considerable proportion of the variance unique to age, beyond the variance shared with sequential complexity conditions, was common to the two different conditions representing coordinative complexity.
What does the variation of the accuracy criterion add to the pattern of age-specific effects? There was an interaction between age and the criterion factor, F(2, 56) = 6.62, MS e = .01, and a triple interaction between age, the sequential-coordinative contrast, and criterion level, F(2, 56) = 3.19, MS e = .01. To decompose these effects, two orthogonal contrasts were specified for the criterion factor. The first tested the 100% against the 75% and the 50% criteria; the second tested the 75% against the 50% criterion. Reliable age-related interactions were found for the first contrast in the spatial, F(l, 30) = 10.33. Criterion Figure 8 . Adaptively determined presentation times from Session 3 as a function of task condition, criterion level, and age. Dashed lines indicate predictions of old adults' presentation times based on the old-young ratio in the four-object 50% condition.
MS e =.O1, 9 and in the global condition, F(l, 30) = 4.15, MS e = .01. The second contrast in the global condition was marginally significant, F(l, 30) = 3.54, MS e = .01, p = .07. All of these effects reflected an increase of proportional age effects for higher accuracy criteria. Thus, within each of the two coordinative complexity conditions, the higher accuracy criteria seemed to be particularly demanding for old adults. However, separate ANOVAs of log presentation times for each criterion level showed also that the general pattern of age-and complexity-specific effects could be replicated for each of the three levels of accuracy.
Detailed Analysis of Errors
Because of the adaptive procedure age groups were similar in terms of overall accuracy. Nevertheless, those errors that did occur may carry important information about agespecific processing constraints. As in Experiment 1 the central hypothesis of age-specific sensitivity to coordinative demands was submitted to a further test by analyzing age differences in specific error types. Coordinative demands were assumed to be particularly high whenever objects used to identify the spatial or the global transformation were also affected by a single-object transformation. In these cases, both changes need to be taken into account simultaneously. As participants were instructed to start their search in the first of the two lines of the array, we expected higher error probabilities for old adults than for young adults when one of the two line-1 objects was affected by the single-object transformation. In contrast, in the simple sequential complexity condition with four objects, error probabilities for both age groups should increase from line 1 to line 2.
Error probabilities from the four-object, the spatial, and the global conditions were submitted to an Age (2) X Task (3) X Criterion (3) X Position (2) ANOVA. To keep the format comparable across conditions, the eight-object condition was not included in this analysis. The predicted Age X Task X Position interaction, F(2,60) = 4.86, MS e = .01, and an Age X Task X Criterion X Position interaction, F(2, 60) = 6.74, MS e = .01, were significant. Separate Age (2) X Task (3) X Position (2) ANOVAs revealed that the critical interaction was only obtained for the 50% criterion, F(2, 60) = 4.27, MS e = .01, not, however, for the 75% and the 100% criteria. Figure 9 displays the relevant data for the 50% criterion. Both old and young adults showed the predicted pattern of increasing error probability as a function of the position of the transformed object in the simple four-object condition. Interestingly, young adults exhibited this pattern throughout; simple comparisons revealed that error probabilities across the three tasks for line-1 object transformations did not differ statistically, all ?s(15) < 1.22, p > .2. Thus, young adults' error scores were not affected by demands for coordinative processing. For old adults, however, error probabilities for line-1 object transformations in the spatial condition, r( 15) = 2.29, p < .05, and in particular in the global condition, ?(15) = 3.90, p < .01, were larger than in the four-object condition and also larger than the corresponding error probabilities of young adults, both rs(30) > 3.10, p < .01. In the global condition, the costs of coordination actually led to a reversal of the position effect in old adults. To summarize, for the 50% criterion condition, this analysis supports the hypothesis of large age effects due to coordinative demands. The fact that this effect was only obtained for the 50% criterion was most likely due to the strong time demands in this condition that probably precluded additional processes such as rechecking. The longer presentation times associated with 75% and 100% criteria may have allowed old adults to overcome these difficulties.
Cognitive Slowing
Can the present results be accounted for by a nonlinear slowing model? In an old-young function analysis, the re-lationship between old adults' criterion-referenced presentation times and those of young adults was examined. The old-young plot is displayed in Figure 10 .
In line with predictions and with the results of the ANOVA of log-transformed presentation times, two linear functions emerged: a shallow one for sequential complexity conditions and a steeper one for coordinative complexity conditions. A regression model including young adults' raw presentation times, the sequential-coordinative contrast, and their interaction accounted for 99.4% of the variance. This bilinear model accounted for significantly more variance than the linear model (see Table 4 ). Inspection of the model coefficients revealed a very small intercept but a relatively large, though only marginally significant, negative main effect for the sequential-coordinative contrast. When eliminating the parameter representing the intercept, all coefficients in the resulting three-parameter model became significant (Table  4 ). This bilinear proportional function plus a sequentialcoordinative main effect was used to model the data shown in Figure 10 . The fact that in this model the sequentialcoordinative main effect is negative implies a slight deviation from the pure proportional model for coordinative complexity conditions. In particular, data points from the low accuracy criteria were closer to the sequential complexity function than expected on the basis of a proportional model. This finding parallels the result of the ANOVA of log-transformed presentation times where the complexity-specific age effect was smaller (but still present) for lower accuracy criteria than for the 100% criterion. We return to this deviation from pure proportional slowing within tasks in the Discussion.
The two alternative nonlinear models, the power function (i.e., the information loss model; Myerson et al., 1990 ) and the quadratic function (i.e., the overhead model; Cerella, 1990) , yielded much lower fits than the bilinear model. Analogous to the analyses for Experiment 1 we tested whether the sequential-coordinative contrast and its interaction with young adults' time demands are significant when added to the nonlinear models. For both the power function and the quadratic function at least one of the task parameters was significantly larger than zero (see Table 4 ). Moreover, the extended power function reduced to a bilinear model as Presentation Time Young (s) Figure 10 . Old-young plot of adaptively determined presentation times including all task conditions from Session 3. Data were fitted by the bilinear proportional model plus the sequentialcoordinative contrast (see Table 4 ).
the power coefficient was not significant. Thus, the present data, again, clearly support a dissociation with respect to age effects between sequential and coordinative complexity conditions rather than one continuous, nonlinear process.
Discussion
The results of Experiment 2 replicated the general pattern found in Experiment 1. We were able to confirm the central hypothesis of this research that age differences in figural transformations are determined by at least two complexity dimensions: sequential and coordinative complexity. The proposed distinction has proved to be fairly general (within the domain of figural transformations). Moreover, even though age groups were very similar with respect to accuracy and even though performance was assessed across a very large complexity spectrum, linear (or proportional) slowing functions across tasks were obtained for both complexity dimensions.
In sequential complexity conditions, an increase in terms of the number of self-contained processing steps (i.e., searching four to eight objects for a single-object change) led to an increase of both overall time demands and absolute age effects. However, there was no increase of proportional age effects. This finding is compatible with the assumption that age-related slowing affects speed of independent processing steps, regardless of the number of steps involved. However, with a value of 1.95, the ratio between old and young adults was somewhat larger than the ratio of 1.59 reported in the sequential complexity conditions of Experiment 1. We attribute this difference to the change in assessment procedure. The adaptive determination of presentation times leads to an estimate of central processing time demands; in contrast to traditional assessments of response times a motor response component is not involved. There is evidence that the more peripheral response component is less affected by aging than are central processes (e.g., Cerella, 1985; Salthouse & Somberg, 1982) . Interestingly, traditional assessments of "pure" time demands (e.g., the search rate in a memoryscanning experiment) also revealed slowing ratios with a factor around 2 (Cerella, 1985) . The age-related slowing determined in Experiment 2 may be closer to the true age effect in mental speed than what is typically obtained in standard response-time assessments (including Experiment 1).
In contrast to the sequential complexity variation, the addition of coordinative demands to the basic task did produce much larger proportional age effects. This effect was established in two different processing domains. In one condition coordinative complexity was produced through a spatial transformation of the entire array of objects. In the second condition a global change of every object in one feature served this purpose. Although the latter condition was somewhat more difficult than the former one for both young and old adults, the results in terms of proportional age effects were remarkably similar in both cases: the ratio between old and young adults was 3.43 for the spatial condition and 3.42 for the global condition (in both cases averaged across criterion levels). Also, regression analyses showed that the two conditions captured a largely similar proportion of the agerelated variance not associated with the age effect in sequential complexity conditions. Thus, the sequentialcoordinative complexity dissociation seems to be relatively general and not bound to spatial processing.
The old-young ratios for coordinative complexity conditions were much larger than those obtained in Experiment 1. To some degree this may be due to the fact that the response component is not contained in the adaptively determined presentation time. More important, however, the criterionreferenced procedure forced old adults to work at the same accuracy level as young adults at the expense of time demands. For the range of complexity studied, old adults' ability to comply with the 100% criterion implies a complete compensatory relation between time demands and accuracy. Although the tasks used in the two experiments are not directly comparable, this finding suggests that the high error rates in Experiment 1 may be more a reflection of a response bias than of a principle constraint on accurate performance for old adults. An additional aspect of this study was the variation of accuracy criteria regulating the adaptive assessment of presentation times. With this technique performance from an exceptionally large complexity spectrum could be mapped unambiguously onto one measure (i.e., for old adults from about 1 s to about 21 s). In addition, three distinct points of the time-accuracy curve could be determined (e.g., Kliegl et al., in press ). In coordinative complexity conditions a magnification of proportional age effects was obtained by increasing task difficulty through the accuracy criteria. Across the three accuracy criteria (50%, 75%, and 100%), oldyoung ratios were 2.8, 2.67, and 3.87 for the spatial condition and 2.59, 3.29, and 3.64 for the global condition, respectively. In the four-object condition, ratios were 1.97, 1.95, and 2.14; in the eight-object condition, 1.85, 1.71, and 1.95, respectively. This nonlinear increase of age effects within coordinative complexity conditions is incompatible with models assuming a uniform slowing of every processing step. It is also incongruent with extant nonlinear slowing models because such models would predict nonlinear increases of age effects not only within but also across task conditions. It is consistent, however, with the notion of recursions through the processing sequence due to working memory problems in old adults. Working memory failures can be assumed to be a probabilistic phenomenon. Therefore, the amount of additional processing in terms of reiterations should vary across items. As an example, assume that in the global condition the information about the type of the global transformation is lost from working memory while the single-object transformation is searched. In this case, additional time is required for rechecking the stimulus array. High-accuracy criteria (specifically 100%) are sensitive to those items within a block for which most additional processing is required to arrive at the solution. Thus, proportional age effects will be largest here. Krueger (1984; Krueger & Allen, 1987 ) made a similar argument with respect to the skewness of the latency distribution that was due to rechecking in the context of perceptual matching. To conclude, the increase of old-young ratios across accuracy criteria in coordinative complexity conditions is compatible with the assumption of old adults' working memory problems.
Finally, results from an analysis of error patterns corroborated the general idea that the quality of old adults' processing is particularly sensitive to coordinative demands. As in Experiment 1, old adults' error probabilities in contrast to those of young adults increased when the objects used to identify the transformation affecting the entire array were also affected by the single-object transformation. This effect was restricted, however, to the 50% criterion condition, where the least time for rechecking was available.
General Discussion
Two dimensions of complexity involving different types of cognitive processing (sequential and coordinative) and representing different sources of interindividual differences were proposed. The relevance of this distinction was demonstrated for the differences in cognitive functioning between young and old adults. Across variations in task format (rule verification vs. identification), assessment procedure (response time assessment vs. criterionreferenced testing), levels of experience (one to eight sessions), accuracy levels (50% to 100%), and processing domain (spatial vs. nonspatial), age effects in time demands were shown to be a joint function of sequential and coordinative complexity. In the remainder of this discussion, we relate this novel result to extant cognitive slowing models and to assumptions about age differences in working memory functioning.
General Slowing in Nonlexical Tasks?
On the basis of impressive empirical evidence, cognitive slowing models propose that age effects in nonlexical response-time tasks can be described as a function of a single, nonspecific complexity dimension (e.g., Cerella, 1990; Myerson et al., 1990; Salthouse, 1985) . For lexical tasks, Lima et al. (1991) recently reported a second, more shallow slowing function. With respect to the nonlexical domain, some theorists make the additional claim that slowing increases in a nonlinear way with complexity (as indexed by young adults' latencies; Cerella, 1990; Myerson et al., 1990) . Our results shed new light on these assertions. Two slowing factors instead of one were required to describe the present data and, in contrast to the models assuming a nonlinear slowing process, linear (proportional) slowing across task conditions was found both for sequential and coordinative complexity. Future research will need to show to what degree the bilinear model is generalizable across levels of complexity and types of tasks. It may very well be that additional functions will emerge when coordinative demands are manipulated across a larger spectrum than in the present research.
The fact that slowing in the sequential complexity conditions of Experiment 1 was of approximately the same magnitude as obtained in meta-analyses of studies on simple response time tasks (e.g., Cerella, 1985; Salthouse, 1985) , agrees with the assumption of a relatively general slowing of processing speed (about 60% compared with young adults) as one important aspect of cognitive aging. Extant general slowing models cannot, however, account for the much more pronounced age effects obtained in coordinative complexity conditions. On an empirical level there are at least two possible reasons for the apparent divergence between the findings obtained in this study and previous meta-analyses. First, within the meta-analytic studies on age effects in response times, little information is available about tasks of moderate and high complexity. Across the four data sets reported by Cerella (1990) , about 95% of the data points were derived from task conditions in which young adults needed less than 1.5 s, and 87% from conditions where young adults responded within less than 1.0 s. Moreover, as pointed out by Charness and Campbell (1988) , data points from complex tasks were obtained from single-session experiments with minimal instruction and practice. Nonlinearity in slowing functions may be caused by age differences in strategies in unpracticed old and young adults. Thus, any inference from these data sets about slowing in more complex tasks needs to be considered with caution. Also, evidence for linear slowing across a wide range of complexity was demonstrated in a training study on mental calculation by Charness and Campbell (1988) .
Second, in the one meta-analytic study that encompassed a considerable number of complex tasks (i.e., Hale et al., 1987) , there was very little overlap between lowcomplexity reaction time tasks and mental rotation tasks in terms of latencies of young adults. Thus, it is possible that the nonlinear slowing obtained in this study actually is a mixture of two linear functions-a shallow function for low complexity conditions, and a steeper one for complex mental rotation conditions. In the present study, a similar confound was avoided by including sequential and coordinative complexity conditions that overlapped in terms of young adults' time demands. For example, young adults' response times in the condition with two object transformations of Experiment 1 were longer than those in the condition with a single spatial transformation; proportional age effects were, however, larger in the latter than in the former. Only with such constellations in the data is it possible to reject the assumption of a continuous slowing pro-cess (for related arguments, see Dunn & Kirsner, 1988; Fisk, et al., 1992) .
Theoretically, the linear slowing function found for sequential complexity conditions suggests a simple proportional slowing of processing steps as one important factor in cognitive aging. One must keep in mind, however, that the assumption of some basic-level reduction of processing speed at this point is little more than a good guess about the actual mechanisms. Specifically, the correspondence assumption stating that old and young adults use the same basic-level processing algorithm with the same number of processing steps has never been tested explicitly (e.g., Cerella, 1990) . The position advanced here is that the correspondence assumption may only be valid for sequential complexity conditions, not, as will be explicated later, for coordinative complexity conditions. It is also useful to look at the present results from the perspective of psychometric studies in which measures of speed were used to explain age-related variance in complex tasks. In these studies, speed has been shown to account for large proportions of the age-related variability in complex cognition (e.g., Hertzog, 1989; Lindenberger, Mayr, & Kliegl, 1993) and working memory tasks (e.g., Salthouse, 1991) . In Experiment 1 of the present study, 4.3%, and in Experiment 2, 6.2% of the residual variance in coordinative complexity performance was associated with age after controlling for speed (indexed through time demands in sequential complexity conditions). This may not seem like much. However, this age-related variability was found in addition to the 70.5% (Experiment 1) and 84.7% (Experiment 2) already accounted for by sequential complexity performance. In terms of mean age effects these specific age effects produced increases of proportional age differences between sequential and coordinative complexity from about 160% to 210% in Experiment 1, and from about 200% to 350% in Experiment 2. In future studies, it would be fruitful to combine the experimental and the psychometric approaches by including measures of working memory as predictors in order to evaluate our assertion that working memory processing is critical for coordinative-complexity age effects.
Slowing and Working Memory: A Tentative Model
What could be the reason for the particularly large age-related slowing in coordinative complexity conditions? We believe that the distinguishing characteristic of these conditions is that information processing does not occur in a sequence of self-contained steps. Rather a dynamic switching in working memory between processing, storing, and retrieving of information from an intermediate buffer is required. For example, to verify a rotation in Experiment 1 at least two objects, each defined by three features, had to be checked. Assuming that this is conducted in a single step, six features from objects in the left array had to be encoded and stored in working memory while identifying the rotated counterparts in the right array. When information was lost during this process because of working memory failure, the sequence had to be started over again. 10 For those items involving both spatial and object transformations, or the spatial and global condition from Experiment 2, the working memory demands in terms of coordinating information exchange between processing steps became even larger. In contrast, sequential complexity items in both studies could be solved in a sequence of independent steps without parallel retaining and processing of information.
There is converging evidence about the role of working memory in complex task performance. For example, spatial transformations of complex stimuli have been shown to require an elaborate sequence of working memory operations and rechecking (Just & Carpenter, 1985 ; see also , Lohman, 1988) . In particular, longer response times of low-ability subjects could be attributed to reiterations through processes executed earlier. In a similar way old adults' low working memory capacity probably constrains their ability to process and store information in a fluent sequence. Consistent with this assumption, Hertzog and Rypma (1991) recently reported that old adults in a mental rotation task required much more postrotational processing than young adults. The authors attributed this to old adults' less reliable working memory representations. A more redundant way of processing for old adults as a consequence of information loss from working memory was also demonstrated in studies using complex problem-solving tasks (e.g., Light, Zelinski, & Moore, 1982; Offenbach, 1974; Young, 1966 ; see Salthouse, 1990 , for an overview).
The present findings and the aforementioned evidence lead us to propose a new model describing the relation between old and young adults' time demands. Our assumptions are that (a) in coordinative complexity conditions information that is retained for later use is lost with a certain probability so that processing steps have to be repeated and (b) loss of information is experienced with larger probability by old than by young adults. Integrating such a view with the notion of a proportional and relatively general slowing, one can rewrite the well-known proportional slowing model O=f*Y (1) where O is the time for old adults, Y is the time for young adults, and/is the basic slowing factor, in the following way:
where p is the probability of not having to repeat processing steps (relative to young adults) because of information loss from working memory." The value for the basic slowing factor / would be fixed across conditions; the value for p would be 1.0 in sequential complexity conditions and considerably smaller in coordinative complexity conditions. The old-young function slopes in sequential complexity conditions can be used to represent the basic slowing value/(i.e., in Experiment 1,/= 1.59; in Experiment 2,/= 1.95; see Tables 2 and 4 , bilinear proportional model). For Y = 1 and O equal to the slowing ratios in coordinative complexity conditions (i.e., in Experiment 1, O = 2.13; in Experiment 2, O = 3.89) values of p are .75 (Experiment 1) and .50 (Experiment 2). The difference in p values between experiments can be linked to variations in the assessment proce-dure. Old adults made many more errors than young adults in coordinative complexity conditions in Experiment 1, but were "forced" to trade time for errors through the adaptive assessment in Experiment 2. An important difference between this model and previous accounts of cognitive slowing is that for particular task conditions (those involving coordinative complexity) old adults may not only be slowed in every processing step. Because of working memory failures they may also require more of the same processing steps than do young adults. Thus, for coordinative complexity conditions the correspondence assumption of age-invariant processing algorithms (Cerella. 1990 ) is not tenable and, consequently, extant slowing models are no longer applicable. Current slowing models, specifically the one by Myerson et al. (1990) , attempt to explain age differences across large complexity variations (within the nonlexical domain) by an aging mechanism on a very low, probably neural level, affecting unconditionally every processing step. In contrast, the present model locates the age-differential effect of coordinative complexity at a higher, algorithmic level. At the same time, however, the present model shares with the other cognitive slowing models their tentative status. For example, further empirical tests must await studies in which more information is available about algorithmic paths used in complex tasks and age differences therein (e.g., Carpenter, et al., 1990; Just & Carpenter, 1985) .
The model proposed here specifies a relation between working memory failures and time demands. Not much is said about the mechanisms that could produce less reliable working memory functioning in old age. One interesting possibility is that old adults suffer from lack of inhibition, causing their working memory to be flooded by irrelevant information (e.g., Hasher & Zacks, 1988) . Specifically, in coordinative complexity tasks this can become very important, as working memory content needs to be updated continuously. For example, in the global task condition of Experiment 2, the information about the global transformation is highly relevant at certain points during the solution process, but irrelevant for the actual response. If it is the case that old adults have more problems with inhibiting information that was relevant earlier in the task (Hartman & Hasher, 1991) , they should make more confusion errors than young adults by responding with the global transformation instead of the single-object transformation. This actually was the case; 34% of young adults' errors were caused by naming the global transformation as the solution, which is close to the chance level of 33.3% (note that there were always three possible wrong responses). In contrast, old adults named significantly more often-in 47% of their errors-the global transformation, f(30) = 2.25, p < .05. This finding is intriguing given that age groups were equated in accuracy by adjusting presentation times. Thus, it is unlikely that old adults named the global transformation more often than did young adults because termination of the presentation time disrupted the processing sequence at different stages for old and young adults. This observation is post hoc and alternative accounts are conceivable. The result is consistent, however, with the assumption of specific age-related working memory problems when currently relevant information has to compete with information that was relevant during earlier stages of the solution process.
In conclusion, the present research demonstrated that in complex cognition two dimensions, sequential and coordinative complexity, can be dissociated for the case of developmental differences between young and old adults. This research suggests that cognitive aging goes along with a decline in processing speed and coordination efficiency. In future research a similar dissociation may be shown to hold true for child development and individual differences in general. Finally, the separation of processing speed and coordinative activities may provide important constraints on models of working memory.
